The Toll/interleukin-1 receptor (TIR) domain has a fundamental role in the innate defence response of plants, vertebrate and invertebrate animals. Mostly found in the cytosolic side of membrane-bound receptor proteins, it mediates the intracellular signalling upon pathogen recognition via heterotypic interactions. Although a number of TIR-domain-containing (TIR-DC) proteins have been characterized in vertebrates, their evolutionary relationships and functional role in protostomes are still largely unknown. Due to the high abundance and diversity of TIR-DC proteins in bivalve molluscs, we investigated this class of marine invertebrates as a case study. The analysis of the available genomic and transcriptomic data allowed the identification of over 400 full-length sequences and their classification in protein families based on sequence homology and domain organization. In addition to TLRs and MyD88 adaptors, bivalves possess a surprisingly large repertoire of intracellular TIR-DC proteins, which are conserved across a broad range of metazoan taxa. Overall, we report the expansion and diversification of TIR-DC proteins in several invertebrate lineages and the identification of many novel protein families possibly involved in both immune-related signalling and embryonic development.
Introduction
The Toll/interleukin-1 receptor (TIR) domain has been so far identified in nearly 15,000 different proteins from animals and plants (https://www.ebi.ac.uk/interpro, December 2016). This 170 amino acids long domain displays a complex 3D structure, with a central region comprising five-stranded parallel beta-sheets surrounded on both sides by five alpha helices (Xu et al., 2000) . The TIR domain is usually located in the cytosolic side of membrane-bound receptor proteins and it is deemed fundamental for immunerelated signal transduction from activated Toll-like receptors (TLRs) and Interleukin-1 receptors (IL-1R) in metazoans (O'Neill and Bowie, 2007) . Upon binding to extracellular ligands such as a cytokine or a bacterial, fungal or viral component, these receptors undergo conformational changes which enable the heterotypic interaction of their TIR domain with an intracellular adaptor and the recruitment of downstream kinases (Dunne et al., 2003) . These events eventually lead to the activation of transcription factors and, most often, to the establishment of a pro-inflammatory response.
The repertoire of Toll-like receptors (TLRs) largely varies across animal taxa and species, possibly reflecting specific immunological adaptations. For instance, while mammals typically possess 13 TLRs, the genome of some invertebrate species encode up to a few hundred TLR genes. The molecular diversification of TLRs is particularly important for the recognition of various Pathogen Associated Molecular Pattern (PAMPs), including LPS, flagellin and exogenous nucleic acids, either in the extracellular space or inside the endosome (Uematsu and Akira, 2008) . The high plasticity of TLRs is evident in the Atlantic cod, where a series of gene losses and duplications led to a unique TLR repertoire, compensating the lack of other immune receptors (Solbakken et al., 2016) . Other remarkable examples are the amphioxus Branchiostoma floridae and the sea urchin Strongylocentrotus purpuratus, that possess 72 and 222 receptors, respectively (Satake and Sekiguchi, 2012) . While the TLRs of these animals are not orthologous to those of vertebrates, they display similar and, to some extent, even broader immune properties (Sasaki et al., 2009) . TLRs have seemingly undergone a very complex evolutionary history, with multiple events of species-specific (or phyla-specific) expansions and losses accompanied with an extensive functional diversification (Hughes and Piontkivska, 2008; Zhang et al., 2010) , which might be explained as a "response to a changing array of binding requirements" .
Compared to TLRs, the evolutionary history of intracellular TIR-DC proteins has been only superficially investigated. In vertebrate animals, these cytosolic proteins have been essentially categorized into five well-known families whose members can be engaged in TIR-TIR interactions to activate (MyD88, MAL, TRIF, TRAM) or to negatively regulate (SARM) the TLR/IL-1R signalling cascade (O'Neill and Bowie, 2007) . While the origin of some of the five families of vertebrate adaptors can be traced back to as early as the radiation of Bilateria (Poole and Weis, 2014; Wiens et al., 2005) , others represent chordate lineage-specific innovations .
The number of domain combinations found in amphioxus cytosolic TIR-DC proteins is much larger than in vertebrates, resulting in an astounding variety of novel TIR-DC adaptors, that have been interpreted as possible "shortcuts between endpoints" along intracellular signalling pathways (Zhang et al., 2008) . However, such an expansion is not unique to amphioxus, as several dozen yet uncharacterized "orphan TIR-DC proteins" with little or no similarity to vertebrate intracellular adaptors have also been reported in bivalve molluscs (Gerdol and Venier, 2015; Zhang et al., 2015) . Notwithstanding the fragmentary information about their spread across metazoans, some invertebrate-specific TIR domain combinations appear to be ancient and widespread, since they are present in anthozoans (Poole and Weis, 2014; van der Burg et al., 2016) as well as in amphioxus (Huang et al., 2008) .
The main aim of this work is to propose an updated classification of invertebrate TIR-DC proteins based on their structural domain organization and phylogenetic relationships, with a particular emphasis on those found in bivalve molluscs, due to their high number and diversity in this taxonomic class. First, we provide an overview about the diffusion of the TIR domain across Metazoa, based on the screening of the sequenced genomes available, and we discuss specific events of gene family expansion or shrinkage which might have occurred during animal evolution. In a second part, we proceed to an in depth characterization of the TIR-DC families which appear to be conserved across bivalves and discuss their evolution along the animal tree of life. We also propose an updated nomenclature system to properly identify novel TIR-DC proteins that do not pertain to any of the previously identified families.
Material and methods

Identification of TIR-DC proteins from sequence data in Bivalvia
The available bivalve transcriptome data, generated either by Illumina or 454 sequencing, were downloaded from the NCBI SRA database using the SRA Toolkit fastq-dump tool (https://github. com/ncbi/sra-tools). All the reads were imported into the CLC Genomics Workbench 9.0 environment (Qiagen, Hilden, Germany), trimmed by quality (minimum quality was set at 0.05, resulting reads shorter than 75% of the original size were discarded) and assembled using the de novo assembly tool, as described elsewhere (Gerdol et al., 2015a) . Whenever both 454 and Illumina reads were available for a single species, only the latter were used due to their higher quality. In detail, transcriptome reads were selected for the species listed in Table 1 . The assembled transcriptome of Geukensia demissa was kindly provided by Prof. Fields (Franklin & Marshall College, Lancaster, PA) (Fields et al., 2014) . The predicted proteome of the Pacific oyster Crassostrea gigas was downloaded from Ensembl, based on the genome assembly v9 (INSDC Assembly GCA_000297895.1) . Only oyster proteins whose annotation could be fully confirmed by transcriptome data were taken into account.
Assembled transcripts were analysed with TransDecoder v.3.0 (https://transdecoder.github.io) using standard parameters to predict the encoded proteins and only the complete ones (bearing both an ATG start codon and a STOP codon) were selected for further analysis. The TIR domain matrix PS50104 was downloaded from PROSITE (Sigrist et al., 2012) and used to scan the proteomes Table 1 List of the bivalve mollusc species whose transcriptome has been scanned for the presence of sequences encoding TIR-domain containing proteins. Taxa  Species name  Taxa  Species name  Taxa obtained from each bivalve species with HMMER v. 3.1 (Eddy, 1998) using a 0.01 e-value threshold.
Species name
After the virtually translated proteins were properly classified within families (Section 2.3), they were used as queries in a BLASTp to identify fragments of other bivalve TIR-DC proteins originated from incomplete assembled nucleotide sequences. The presence of a given family in a species was determined based on e-value and sequence identity thresholds of 1 Â 10 À50 and 50%, respectively.
Comparative genomics analysis of TIR-DC proteins
TIR-DC proteins were also detected with HMMER in the predicted proteomes of many other metazoans. Namely, the genomes selected for this analysis are reported in Table 2 .
Domain architecture of TIR-DC proteins
All the resulting full-length predicted protein sequences were analysed with Phobius (K€ all et al., 2004) to detect and discriminate signal peptide and transmembrane regions. Moreover, InterProScan sequence searches were performed to annotate the presence and position of conserved protein domains . Due to the degeneration of some domains (e.g LRRs in some TLRs and TIR in some intracellular proteins) compared to the reference InterPro consensus, a particular attention was given to those domains displaying e-values slightly below the default threshold of significance. Regions with no obvious conserved domain were modelled with HHpred (S€ oding et al., 2005) to identify the possible presence of conserved three-dimensional structures. Proteins which displayed obvious premature N-terminal or C-terminal truncations (e.g. only a partial TIR domain, or TLRs lacking a signal peptide) were considered as a likely result of mis-assembly and were therefore discarded. Annotated proteins were then categorized into families based on the predicted subcellular localization (membrane-bound vs cytoplasmic) and domain combination. Proteins displaying identical domain architecture were further compared with each other by BLASTp to confirm their homology. The minimum requirement for the creation of a new family was the identification of at least 3 full-length proteins in at least two species pertaining to different taxonomic orders. Whenever, in spite of identical domain architecture, a significant homology (based on an e-value threshold of 1 Â 10 À10 ) could not be detected, sequences were considered as the possible result of convergent evolution. Proteins which did not satisfy the above mentioned criteria were labelled as 'unclassified'. The complete list of the full-length protein sequences considered in this study, as well as the bivalve species where they were identified is reported in Supplementary File 1. 
Phylogenetic analyses
Based on preliminary analyses, two separate sequence sets were prepared to facilitate phylogenetic reconstruction. Both sets contained the amino acidic sequences corresponding to the TIR domain, extracted using the coordinates of the beginning and the end of the domain, as identified by HMMER. In detail: (i) TIR domains from Toll-like receptors, limited to bivalve molluscs; (ii) TIR domains from all the other membrane-bound and cytoplasmic TIR-DC proteins from bivalve molluscs and other metazoans. Unclassified proteins were disregarded. Due to their poor conservation, a few TIR domains were not considered in this analysis. Namely, the third TIR domain of ecTIR-DC family 8 proteins (section 3.14) and both TIR domains of ecTIR-DC family 14 proteins (section 3.15). In the second analysis, one representative sequence for each TIR-DC protein family and for each metazoan phyla and at least one representative sequence for each TIR-DC family and for each bivalve subclass were taken into account (Supplementary File 1) .
The two sets of sequences were separately aligned using MUS-CLE (Edgar, 2004) . Sequence alignments were then converted in a NEXUS format and used as an input for MrBayes v.3.2 (Huelsenbeck and Ronquist, 2001) , to perform Bayesian phylogenetic inference. The LG model of molecular evolution with a Gamma distribution of rates across sites and fixed empirical priors on state frequencies (LG þ G þ F) was estimated to be the best-fitting model for the TLRs dataset with ProtTest (Abascal et al., 2005) , based on the corrected Akaike Information Criteria (Hurvich and Tsai, 1989) . The same analysis identified the WAG model (Whelan and Goldman, 2001 ) with a Gamma distribution of rates across sites and fixed empirical priors on state frequencies (WAG þ G þ F) as the best-fitting model for the second phylogenetic analysis, targeting all the remaining TIR-DC proteins.
Two independent analyses were run for each dataset until the standard deviation of observed split frequencies reached a value < 0.05 and the Effective Sample Size for each of the estimated parameters for each analysis reached a value higher than 200, disregarding the first 25% of the generated trees for the burnin procedure. This allowed the removal of trees sampled before the convergence of the runs. The remaining ones were used to build 50% consensus trees and to calculate posterior probabilities. The convergence of the runs and of the estimated parameters was inspected with Tracer v.1.6 (http://beast.bio.ed.ac.uk/Tracer). Details about convergence of the runs and estimated parameters are provided in Supplementary File 1.
Digital gene expression analysis
Raw RNA-seq reads obtained from nine tissues of adult oysters (hemocytes, digestive gland, gills, labial palp, inner mantle, mantle rim, male gonad, female gonad and adductor muscle) and 19 larval developmental stages were downloaded from the NCBI SRA database (Supplementary File 1) . Sixty-one nonredundant oyster TIR-DC genes (based on a 95% sequence identity threshold), whose sequence could be fully confirmed by de novo assembled transcriptome and excluding those labelled as unclassified, were selected to calculate digital expression levels as described elsewhere (Gerdol et al., 2015b) . Briefly, reads trimmed by quality were individually mapped with the RNA-seq mapping tool of the CLC Genomics Workbench v.9.0 (Qiagen, Hilden, Germany) on the full-length sequences of the 61 above mentioned TIR-DC mRNAs and 52 highly expressed housekeeping genes to guarantee a uniform mapping rate for all samples. Length and similarity fraction parameters were set at 0.75 and 0.98 respectively, with mismatch/insertion/deletion penalties set at 3. Read counts were used to calculate gene expression levels as TPM (Transcripts Per Million) (Wagner et al., 2012) . The TPM values, transformed by log2, were used to generate a gene expression heat map.
Results and discussion
3.1. The TIR-DC proteins repertoire has undergone expansion and shrinkage in different taxa
We explored the full complement of TIR-DC proteins encoded by the genomes of representative metazoan species, dividing them between membrane-bound and cytoplasmic proteins (Fig. 1) and assessing the taxonomic distribution of the gene families which will be described in detail below (sections 3.2e3.20) (Fig. 2) .
Overall, this analytical survey evidenced a low number of TIR-DC proteins in early-branching metazoans, with only a single gene in the mesozoan I. linei, 7 in the sponge A. queenslandica, 15 in the placozoan T. adhaerens and 11 in the ctenophore M. leidyi. Consistent with the results of previous studies , TLRs and most of the other TIR-DC proteins found in protostomes ad deuterostomes were absent in these basal metazoans, while others were likely already present in the common ancestor of all Metazoa.
A more dynamic situation was observed in Cnidaria. The myxozoan T. kitauei is completely devoid of TIR-DC proteins, possibly due to the genome size reduction observed in this parasitic species (Chang et al., 2015) . On the other hand, the genome of the hydrozoan H. vulgaris possess 8 TIR-DC genes, comprising MyD88-like sequences and membrane bound receptors without extracellular LRRs (Miller et al., 2007) , and anthozoan genomes have an even larger repertoire of TIR-DC genes, consisting of 14, 24 and 78 members in N. vectensis, E. pallida and A. digitifera, respectively. Earlier studies described the presence of TLRs and IL-1R-like receptors in anthozoans, as well as of a few previously uncharacterized cytoplasmic TIR-DC adaptors (Miller et al., 2007; Poole and Weis, 2014) which likely appeared for the first time in the common ancestor of all Eumetazoa (see details in the next section).
The most parsimonious interpretation of the data in our hands, in terms of number of gene family expansion and loss events necessary to explain current observations, implies that the TIR domain has undertaken different evolutionary routes during the course of protostome evolution. Indeed, a remarkable number of TIR-DC genes is noticeable in most Lophotrochozoa whereas both Platyhelminthes and Ecdysozoa display a greatly reduced complement of such genes, even in comparison with more basal metazoans ( Fig. 1) . Some TIR-DC protein families found in Parazoa and Radiata, as well as in Lophotrochozoa and basal Deuterostomia, are absent in the two aforementioned lineages, suggesting that they may have been lost along their evolution (Fig. 2 ). Platyhelminthes only have 1 to 8 different TIR-DC genes and lack membrane-bound TIR-DC proteins (with the exception of S. mediterranea, which shows a single IL-1R-like sequence) and other ancestral adaptors such as MyD88. In comparison, nematodes have two different types of TIR-DC proteins, a Toll-like receptor (sometimes missing) and SARM, but surprisingly lack MyD88, an essential mediator of Toll signalling. Likewise, the genomes of the tardigrades H. dujardini and R. varieornatus only encode two TIR-DC proteins (a Toll-like receptor and SARM). Priapulids and arthropods further confirm the limited number of TIR-DC genes in Ecdysozoa. Except from the 49 TIR-DC genes of the myriapod S. maritima, only 5e22 TIR-DC genes per genome could be identified across different arthropod subphyla. In these organisms, the TIR domain architectures are not highly diversified and they basically correspond to evolutionarily conserved TLRs, MyD88, SARM and ecTIR-DC families 9 and 15 (absent in Pancrustacea, see section 3.15 and section 3.20).
On the other hand, in Lophotrochozoa the high number of genes as well as the diversification of domain architectures are consistent with a massive expansion of TIR-DC sequences, which is particularly evident in gastropod and bivalve molluscs (Figs. 1 and 2). The owl limpet L. gigantea, the sea slug A. californica and the Pacific oyster C. gigas bear 75, 82 and 198 different TIR-DC genes, respectively. Such gene expansion involves both TLRs, like in echinoderms, and cytoplasmic TIR-DC proteins, with at least 57 different genes labelled as "orphan TIRs" in oyster . As regards cephalopods, only 33 genes could be identified in the California two-spot octopus O. bimaculoides, a fact that could be explained by the lineage-specific loss of many cytoplasmic TIR-DC proteins otherwise conserved in other molluscs (Fig. 2) . A molecular diversification similar to that of Bivalvia and Gastropoda, with an increase in the number of both membrane-bound and cytosolic TIR-DC proteins, has apparently occurred in other Lophotrochozoa, such as the brachiopod L. anatina (113 TIR-DC genes) and the polychaete worm C. teleta (91 TIR-DC genes) but not in other segmented worms (e.g. 17 TIR-DC genes are present in the leech H. robusta, which overall displays a much less diversified repertoire) (Fig. 1) . Despite having many TIR-DC genes (56), the rotifer A. vaga developed a peculiar set of intracellular proteins which combine Armadillo-type repeats to the TIR domain, and completely lacks TLRs and MyD88 (Fig. 2) .
As regards basal deuterostomes, sea urchins (Echinodermata) are possibly the metazoan organisms with the highest number of TIR-DC genes, due to the expansion of TLRs Hibino et al., 2006) . However, this situation differs significantly in other echinoderms, as for instance the crown-of-thorns sea star A. planci only possess six TLRs (Fig. 1) . Some hemichordate species also have an expanded complement of TIR-DC proteins, like the acorn worm P. flava with its 158 TIR DC proteins. Similarly, 124 TIR-DC genes, including 72 TLRs have been previously reported in the amphioxus B. floridae, (Dishaw et al., 2012) , even though we could detect a slightly lower number (93 TIR-DC proteins and 23 TLRs) based on the current genome annotation, which has been reported to be sub-optimal (B anyai and Patthy, 2016) .
Based on the most parsimonious interpretation of the evolution of TIR-DC genes, the majority of the evolutionarily conserved cytoplasmic TIR-DC proteins found in invertebrates were lost somewhere along the evolution of the Chordata lineage. In detail, the TIR-DC gene family has likely undergone shrinkage in Urochordates, since Ciona intestinalis, Botryllus schlosseri and Oikopleura dioica only display 13, 12 and 2 TIR-DC genes, with a great reduction of both TLRs (2, 2 and just 1, respectively) and cytoplasmic proteins (Fig. 1) . Finally, vertebrate animals typically possess 20e50 TIR-DC genes, including TLRs, IL-1-like receptors and five intracellular fundamental adaptors, MyD88, MAL, TRIF, TRAM and SARM (O'Neill and Bowie, 2007) , but lack the vast majority of evolutionarily conserved gene families identified in this work (Fig. 2) .
In summary, based on this large-scale comparative survey, it appears that multiple independent and lineage-specific expansion events of TIR-DC genes have likely occurred in different taxa, including Echinodermata, the lophotrochozoan Mollusca, Polychaeta, Brachiopoda and Rotifera. TLRs were often involved in these evolutionary events, as perfectly exemplified by the case of S. purpuratus and, partially, by Mollusca. However, in other cases the increase and diversification also involved intracellular TIR-DC proteins, which are to some extent evolutionarily conserved The classification 'present' and 'absent' in a given taxa was based on the genome of the species considered in this study (section 2.2); 'presence/absence' defines cases where the presence of a gene family could not be ascertained in all the species pertaining to a given taxa; 'Incomplete' indicates cases where a given gene family could be identified based on high sequence homology, even though one of the characterizing domains (see Fig. 7 ) was missing; 'divergent' indicates the presence of proteins with domain architecture identical to that of a given family, but whose homology could not be confirmed due to high primary sequence divergence. As regards bivalves, 'presence/absence' was based on the presence of a given family in the genome of C. gigas and at least one additional species not pertaining to the Ostreoida order. Families recurrently found in bivalve transcriptomes but absent in the oyster genome were categorized as 'present only in some species'. The topology of the phylogenetic tree shown on the left is based on the NCBI Taxonomy classification. across invertebrates (Fig. 2) and could therefore be involved in important, but yet uncharacterized intracellular signalling pathways.
Toll-like receptors (TLRs)
Different types of membrane-associated TIR-DC receptors are collectively known as Toll-like receptors (TLRs). Owing their name to the Drosophila protein Toll, implicated in the establishment of dorso-ventral embryonic polarity (Hashimoto et al., 1988) , TLRs are certainly better known for their important role as Pattern Recognition Proteins (PRRs), able to recognize bacteria, fungi and exogenous nucleic acids.
All TLRs share three common features: a C-terminal and intracellular TIR domain, a transmembrane region and a series of Nterminal and extracellular Leucine Rich Repeats (LRRs), which are usually flanked by characteristic N-terminal and C-terminal LRR domains (LRRNT, LRRCT) (Fig. 3) . The origins of TLRs can be traced back to the onset of Cnidaria, as the anemone N. vectensis is the most basal metazoan showing a single bona fide TLR. This protein displays a remarkable structural similarity to that of Drosophila Toll, with typical LRRs being interrupted by LRR-NT and LRR-CT domains, in a so-called multiple cysteine cluster TLR (mccTLR) organization. This ectodomain organization is by far the most common across ecdysozoan TLRs, and the only one present in nematodes and tardigrades. On the other hand, all vertebrates have a simpler organization, where single LRR-NT and LRR-CT domains flank typical LRRs, in a single cysteine cluster organization (sccTLRs).
Due to their structural divergence, mccTLRs and sccTLRs have long been thought to have an independent origin (Luo and Zheng, 2000) . However, the remarkable conservation of downstream signalling pathways, evident from the progressive sequencing of new invertebrate genomes, and the coexistence of sccTLRs and mccTLRs in a number of invertebrates (Fig. 2) , challenged this view. The most ancient TLR group, mccTLRs, is present in almost all protostomes (except from flatworms and rotifers) and in some deuterostomes. In contrast, the taxonomic distribution of sccTLRs indicates a more recent origin. These receptors are not widespread in Ecdysozoa, but they underwent expansion in most deuterostomes and Lophotrochozoa (Fig. 2) .
However, while this simple classification scheme based on the presence of a single or multiple cysteine clusters is sufficient to describe the general structural features of TLRs, it appears to be inadequate to fully describe the variability of the TLRs found in a given phylum from a genomic perspective Toubiana et al., 2013) . For this reason, we used a slightly modified version of the classification scheme proposed by Zhang et al. (2015) to group bivalve TLRs within six major groups (Fig. 3) . This classification system, based on the organization of LRR ectodomains, permits an easy categorization of bivalve TLRs consistent with TIR domain-based phylogeny (Fig. 4 ).
Among sccTLRs: (i) V-type TLRs, displaying the classical sccTLR LRR organization; (ii) sP-type TLRs, similar to V-type TLRs but somewhat shorter; (iii) Ls-type TLRs, which do not display a LRR-NT domain and often show non-canonical and degenerated LRRs.
Among mccTLRs: (iv) P-type TLRs, which resemble Drosophila Toll; (v) sPP-type TLRs, which are characterized by the same LRR organization but are somewhat shorter; (vi) twin-TIR TLRs, similar to the two previously mentioned groups but with two consecutive TIR domains.
Although Zhang and colleagues originally designed V-type TLRs as "Vertebrate-type" and P-, sP-and sPP-type TLRs as "Protostomelike", we might point out that such a distinction could be misleading, since V-type TLRs are present in many invertebrates and, on the other hand, protostome-like TLRs are often found in deuterostomes.
The first group of mccTLRs, P-type TLRs, share high structural conservation with insect Toll (Toubiana et al., 2013) , supporting the hypothesis of a common origin for all invertebrate P-typeTLRs. Compared to the phylogenetic analysis reported by Zhang and Fig. 4 . Bayesian phylogeny of bivalve mollusc TLRs. Nodes with posterior probability support lower than 50% were collapsed. mcc: multiple cysteine cluster; scc: single cysteine cluster; TLR: Toll-like receptor.
colleagues we could further subdivide bivalve P-type TLRs into two subgroups (I and II), exemplified by M. galloprovincialis MgTLRb and MgTLRk, based on the divergence of the TIR domain (Fig. 4) . P-type TLRs were found in limited number in bivalve transcriptomes (Supplementary File 1) and the presence of just two P-type TLR genes (one per subtype) in the Pacific oyster genome indicates that this family has not undergone expansion in this lineage.
The second group, sPP-type TLRs, were found in variable number in many bivalve species (Supplementary File 1) . Previous analyses demonstrated that this is a relatively small gene family which only comprises a few members in C. gigas . However, the higher number of sPP-type TLRs included in this study compared to Zhang and colleagues allowed the phylogenetic discrimination of these membrane-bound receptors in three subgroups (Fig. 4) . While sPP-type TLRs I and II are broadly distributed, the small subtype III appears to be taxonomically restricted to Palaeoheterodonta.
The newly reported class of mccTLRs named twin-TIR TLRs is unique due to the presence of two consecutive TIR domains in the intracellular C-terminal region. The first member of this group ever described, Hc Toll-2, has been involved in the binding of bacterial LPS and PGN and in the regulation of AMP expression in H. cumingii (Ren et al., 2014b) . Phylogenetic inference revealed the divergence of the two domains, suggesting their possible functional specialization. Just a low number of full-length twin-TIR TLRs was detected in our analysis, possibly due to their low expression level and relatively long size. Although only fragments of twin-TIR TLRs were found in the Pacific oyster transcriptome, a screening of its genome revealed the presence of two distinct loci encoding TLRs with this domain architecture.
In summary, despite their ancient origin and broad range of distribution across invertebrate species, none of the mccTLR groups underwent massive expansion in bivalves and in any other major invertebrate phylum.
Unlike mccTLRs, several events of gene family expansion could be inferred for sccTLRs along the evolution of metazoans. In their previous work, Zhang and colleagues defined three main groups of sccTLRs, V-, Ls-and sP-type TLRs, which were conveniently further subdivided into three clades (I, II and III) based on the divergence of the TIR domain.
Like P-type TLRs, also V-type TLRs display a remarkable similarity with sccTLRs found in other animal phyla, including vertebrates. These receptors, found in a relevant number of bivalve species (Supplementary File 1) , represent a phylogenetically welldefined TLR group (Fig. 4) comprising a limited number of genes per species (5 in C. gigas).
On the other hand, sP-type TLRs, the largest group of bivalve sccTLRs, displayed astounding sequence variability. While the classification proposed by Zhang and colleagues for sP-type TLRs is, in line of principle, valid, the division of these receptors within the three proposed clades does not appear to be strongly supported when the entire complement of bivalve TLRs is taken into account, especially for what concerns the sP III clade, which displays the highest degree of sequence variability. Furthermore, in some cases (i.e. Palaeoheterodonda sequences within the sP clade I), divergent groups can be identified based on species phylogeny (Fig. 4) .
Ls-type TLRs, which bear poorly recognizable LRR ectodomains, could not be conclusively place them neither within the sccTLR nor within the mccTLR group by the phylogenetic analysis. Ls-TLRs do not appear to be widespread (only 3 genes could be confirmed in C. gigas) and so far there is no indication about their function.
Interleukin-1-like and other transmembrane receptors
Interleukin-1-like receptors (IL-1RL) are the second major class of membrane-bound TIR-DC proteins of vertebrates. These receptors are characterized by three extracellular immunoglobulin (Ig) domains with ligand-binding function (IL-1 and related cytokines). The cytokine/receptor binding, accompanied by the interaction with accessory proteins, determines the activation of a downstream intracellular signalling that is basically shared with TLRs and ultimately leads to the activation of NF-kB and to the reenforcement of the inflammatory response (Subramaniam et al., 2004) .
Although proteins structurally very similar to IL-1 receptors have been described in different invertebrates (Beck et al., 2000; Poole and Weis, 2014) , it is still unclear whether they are homologous to vertebrate IL-1R, due to their very scarce sequence homology and the uncertain presence of a functionally conserved IL-1-like cytokine in invertebrates (Beschin et al., 2001 ). Indeed, it has been previously suggested that the Ig/TIR domain combination may have evolved independently several times over the course of metazoan evolution .
Our screening for IL-1RL genes across invertebrate genomes was definitely consistent with these observations. Although this domain organization could be found in several taxa (Porifera, Cnidaria, most Lophotrochozoa and all deuterostomes), the sequences appeared to be, in most cases, non-orthologous or of dubious orthology (Fig. 2) . As an example, it is worth noticing that bivalve IL-1RL proteins share a relevant degree of homology with those found in cnidarians, and amphioxus, but curiously not to those found in other protostomes. Furthermore, we can report for the first time that the extracellular region of the membrane-bound TIR-DC receptors previously reported in Hydra (Miller et al., 2007) are likely to adopt an immunoglobulin-like fold, as predicted by HHpred analysis (S€ oding et al., 2005) and supported by their placement within the IL-1RL cluster by phylogenetic inference (Fig. 6) . IL-1RL is present as a single copy gene in the oyster genome, and it encodes a protein with two extracellular Ig domains. We could identify full-length orthologous sequences in 4 bivalve species whereas only transcript fragments were detectable in many other bivalves (Supplementary File 1) , a fact that may possibly indicate a low expression levels.
Besides TLRs and IL-1-like receptors, we can report for the first time a third group of membrane-bound TIR-DC proteins found exclusively in Lophotrochozoa (including Mollusca, Brachiopoda, Annelida but not Rotifera). These orphan receptors possess a variable number of epidermal growth factor (EGF)-like ectodomains, resulting in precursor proteins ranging in length from~450 tõ 1300 aa. Although EGF domains are extremely widespread, especially in the extracellular domain of membrane-bound animal proteins (Bork et al., 1996) , their functional role in most cases is poorly understood. Due to the lack of sequence homology to proteins with known function, the biological role of these newly described receptors cannot be hypothesized at the present time. Although TIR-DC proteins with EGF ectodomains were among the TIR-DC sequences most frequently found in bivalve transcriptomes (Supplementary File 1) , they are present in low number in lophotrochozoan genomes (e.g. 2 genes in the Pacific oyster).
MyD88 and its "naturally truncated" variants
The myeloid-differentiation primary response gene 88 (MyD88) is a cytoplasmic adaptor protein containing an N-terminal DEATH domain followed by a TIR domain (Fig. 5) which acts downstream Toll-like receptors and IL-1R. Upon infection, MyD88 transmits the signal from the extracellular space to the cytosol through heterotypic interaction with the intracellular TIR domain of transmembrane receptors, sometimes with the cooperation of other TIR-DC adaptors (Horng et al., 2001 ). This important mediator of immune signalling activates a complex signalling cascade which ultimately leads to the transcription of pro-inflammatory genes regulated by NF-kB and AP-1 (Muzio et al., 1997; O'Neill, 2003) . MyD88 is an evolutionarily conserved protein, which emerged quite early in metazoan evolution, as its homologs can be found in cnidarians and Porifera (Franzenburg et al., 2012; Wiens et al., 2005) . The comparative survey of available sequence data indicates that MyD88 is missing in just a few taxonomic groups which have undergone a massive reduction of the TLR machinery, including nematodes, tardigrades and urochordates (where only one or two Toll-like protein are present), flatworms and rotifers (where TLRs are completely absent) (Fig. 2) .
The first evidence of a bivalve MyD88 sequence and a MyD88-dependent immune signalling pathway were reported in A. farreri (Qiu et al., 2007) and R. philippinarum (Lee et al., 2011) , respectively. More recently, multiple immune-responsive MyD88 genes have been identified in M. galloprovincialis, M. yessoensis and C. gigas (Ning et al., 2015; Toubiana et al., 2013; Xin et al., 2016) . Functional studies further demonstrated the involvement of bivalve MyD88 adaptors in innate immune signalling, their cross-talk with Toll and NF-kB, and subsequent activation of AMP genes (Ren et al., 2014a) . The description of a complete TLR signalling pathway in bivalve molluscs (Toubiana et al., 2014) further supports the key role of MyD88 in TLR signal transduction and in the activation of the downstream components of the pathway IRAK and TRAF6.
In spite of the evolutionary conservation of the TIR and DEATH domains, the variable length of the C-terminal extension of MyD88 proteins reveals a remarkable structural diversification of bivalve MyD88 adaptors (Fig. 5) , like previously discussed by other authors (Toubiana et al., 2013) . Although all MyD88 sequences clustered together in the TIR domain-based phylogeny (Fig. 6) , we could define three MyD88 subtypes. Subtype I comprises proteins with a low-complexity region which extends the C-terminus to a total protein length of 420e530 aa. Such extension is shorter in subtype II proteins as their length does not exceed 380 aa. These two subtypes are widespread in bivalves and can be found together in the same species (e.g. MgMyD88-a pertaining to subtype II, MgMyD88-b and ec pertaining to subtype I in M. galloprovincialis). MyD88 proteins of subtype III were found in a small number, only in a few bivalve species. These proteins have a much longer C-terminal extension and their TIR-domain is usually less recognizable. The identification of MyD88 sequences in the transcriptomes of 60 out of the 81 bivalve species analysed in this study confirms the relevance of their biological function (Supplementary File 1) .
On the other hand, a family of shorter (less than 200 aa long) MyD88-like proteins, named naturally truncated MyD88 (NTMyD88) was found in Ostreoida and in a few other bivalve species. The high sequence conservation of the TIR domain (see Fig. 6 ) leaves no doubts about the evolutionary link between these surprisingly truncated proteins and canonical MyD88 adaptors. The up-regulation of a NT-MyD88 transcript was first reported in the hemocytes of Crassostrea ariakensis infected by Rickettsia-like organisms, rising questions on the possible role of these unusual TIR-DC proteins in the host immune responses (Zhu and Wu, 2008) . Recently, Xu and colleagues described that the two oyster variants CgMyD88-T1 and -T2, likely originated from a recent truncation of a MyD88 paralogous gene, were strongly up-regulated in hemocytes upon bacterial challenges. Consequently, the authors proposed they could act as negative regulators of the TLR pathway (Xu et al., 2015) . The expression profiles of the two genes after viral infection and the lack of a DEATH domain required for signal transduction further support this hypothesis (He et al., 2015; Zhang et al., 2015) .
SARM
SARM (sterile alpha-and armadillo-motif-containing protein) is one of the five typical vertebrate TIR-DC adaptors. This cytosolic protein, besides its C-terminal TIR domain, also contains two sterile alpha motifs (SAM) and Armadillo repeats towards the N-terminus (Fig. 5) , i.e. two protein-interaction motifs with a broad range of functions (Kim and Bowie, 2003) . In vertebrates, SARM has been implicated in the negative regulation of MyD88-independent TLR signalling (Carty et al., 2006) . However, the presence of the orthologous protein Tir-1 in C. elegans (Belinda et al., 2008) , an organism lacking the aforementioned pathway, suggests a different function for SARM in invertebrates. Indeed, TIR-1 also appears to be a key regulator of p38 MAPK, controlling both AMP production and neuronal development (Chuang and Bargmann, 2005; Couillault et al., 2004) .
We could confirm the presence of SARM in many bivalve species, including the Pacific oyster, with three distinct genes (Supplementary File 1) . The conservation of SARM in Lophotrochozoa and, more in general, in nearly all Bilateria (Fig. 2) implies a fundamental function for this protein. However, functional studies are needed to clarify whether bivalve SARMs mainly play a role in innate immunity, in development, or both. A role of SARM as a negative regulator of MyD88-independent TLR signalling seems unlikely, due to the absence of TRIF homologs and the consequent uncertainties about the existence of a MyD88-independent pathway itself in these organisms.
Novel intracellular evolutionarily conserved TIR-DC proteins
MyD88 and SARM are the only two intracellular TIR-DC proteins of vertebrates found in bivalves as well as in many other invertebrates. On the other hand, with the exception of a TRIF homolog in amphioxus , we could not find invertebrate sequences orthologous to MAL, TRIF and TRAM, and therefore these well-known vertebrate intracellular adaptors likely represent evolutionary innovations of the vertebrate lineage.
MyD88 and SARM were not the only cytosolic TIR-DC proteins conserved across many metazoan phyla (Fig. 2) . In our survey we identified a high number of adaptors containing the TIR domain associated with other domains and characterized by unusual, and not yet described, domain architectures (Fig. 5) . Here, we propose a novel classification scheme based on domain organization and phylogeny (Fig. 6 ). In detail, each newly described family of cytoplasmic TIR-DC proteins was named "ecTIR-DC" (acronym for "evolutionarily conserved TIR-domain-containing" family), followed by a progressive number. Overall, we describe here 15 new families, based on their recurrent presence in bivalve molluscs and, often, in other metazoan groups. Obviously, the present classification has to be considered provisional since more ecTIR-DC families absent in molluscs but conserved in other phyla might be revealed by future studies.
STING
The Stimulator of Interferon Genes (STING) is a focal cytosolic hub for signals transmitted by several intracellular foreign nucleic acids sensors and for directly sensing bacterial signalling molecules such as cyclic dinucleotides. The STING-mediated signalling then proceeds through the activation of NF-kB and IRF3, eventually triggering the production of pro-inflammatory cytokines and interferon.
Although STING is an evolutionarily ancient protein reported in nearly all metazoans, with a few exceptions such as nematodes and flatworms , its structure presents remarkable differences across phyla. In vertebrates, STING is a transmembrane protein which is thought to be associated with the endoplasmic reticulum membrane whereas in insects it lacks the N-terminal transmembrane domain and its subcellular localization remains unknown. In bivalve molluscs, STING has a peculiar domain organization, with the duplication of the STING globular domain and the presence of two poorly conserved TIR domains, N-terminal to STING (Fig. 5) , which might be involved in downstream signalling (Gerdol and Venier, 2015) . As evidenced by the phylogenetic analysis, these two domains are quite divergent between each other, with the first one being also poorly conserved across species (Fig. 6) . Our comparative genomics analysis revealed that such a domain architecture is shared by two other lophotrochozoan taxa, polychaetes and brachiopods but, interestingly, not by gastropod and cephalopod molluscs (Fig. 2) .
Overall, we could detect STING sequences in several bivalve species (Supplementary File 1) . Furthermore, STING is present in multiple gene copies in bivalve genomes, and, based on transcriptome assembly, we could fully confirm two out the four annotated STING genes in the oyster C. gigas and five different STING transcripts in the mussel M. galloprovincialis.
ecTIR-DC family 1
The first novel TIR-DC family identified in this comparative survey comprises 400e500 aa long transmembrane proteins characterized by two C-terminal transmembrane domains and a Nterminal (intracellular) TIR domain (Fig. 6) . Just a dozen amino acidic residues connect the two alpha-helical regions, leaving a very small portion of the polypeptidic chain exposed to the extracellular medium. As the members of this family completely lack ectodomains, they cannot act as receptors and they may be reasonably involved in the regulation of membrane-bound TIR-DC receptors.
This family was only found in bivalves pertaining to the Pteriomorphia subclass (Supplementary File 1) , and in the polychaete worm C. teleta (Fig. 2) . Furthermore, based on the presence of three distinct genes in C. gigas, it appears to be multi-genic.
ecTIR-DC families 2 and 4
These two protein families share nearly identical domain architecture, with a unique N-terminal TIR domain (Fig. 5) , and are closely related based on Bayesian inference (Fig. 6) . Family 4 comprises short proteins of~130e150 aa without any C-terminal extension, whereas family 2 members display C-terminal extensions of variable length, with no recognizable conserved domain or structural fold, as long as~800 aa in the giant floater P. grandis. Family 2 was found to be present as a single copy gene in oyster, as well as in gastropod molluscs (see Fig. 2 ). On the other hand, family 4 genes are taxonomically restricted to Bivalvia and they further appear to have a spotty distribution in this class, given the absence of an ecTIR-DC 4 gene in C. gigas.
ecTIR-DC family 3
This protein family is structurally characterized by a low complexity N-terminus, followed by ARM repeats and a TIR domain (Fig. 5) . In addition, these proteins have a 100 aa-long C-terminal extension which contains a SAM motif, canonical in lower invertebrates and highly degenerated in Lophotrochozoa and basal Deuterostomes. EcTIR-DC 3 genes have an ancient origin, as they were found in early-branching phyla such as Placozoa and Cnidaria. This type of cytosolic TIR-DC proteins, absent in vertebrates, can be found in all protostomes and basal deuterostomes up to echinoderms, amphioxius and tunicates, with the notable exception of Ecdysozoa (Fig. 2) . Curiously, they could be also identified in some flatworms, which completely lack TLRs and other membranebound TIR-DC proteins, a fact which suggests that their role might be not tied to TLR/IL-1R signalling. In C. gigas, these TIR-DC proteins are also expressed at relevant levels in larval stages (see section 3.21). In summary, ecTIR-DC 3 proteins appear to be among the most conserved and widespread intracellular TIR-DC families in invertebrates as well as in bivalves (Supplementary File 1) . Four genes pertaining to this family are present in the Pacific oyster.
ecTIR-DC family 5
The structural organization of ecTIR-DC 5 proteins comprises three distinct TIR domains, with the first and the second one being separated by a SAM motif (Fig. 5) . The three TIR domains cluster separately in the phylogenetic tree, even though the third one is highly similar to the TIR domains of ecTIR-DC family 6 and 9 (Fig. 6) . EcTIR-DC 5 proteins represent an evolutionary conserved family with a broad taxonomic distribution that likely emerged early in metazoan evolution, as it could be detected in Placozoa, Cnidaria and in many Protostomes (with the exception of Ecdysozoa, Platyhelminthes, Rotifera, Cephalopoda and Clitellata) (Fig. 2) . The function of these intracellular proteins might be not connected to TLR/IL-1R signalling, in agreement with their high expression levels during embryonic development (see section 3.21). Although this family is also found in basal deuterostomes, it was likely lost in vertebrates. No more than a single ecTIR-DC 5 gene could be identified in the genomes and transcriptomes of any of the species analysed.
ecTIR-DC family 6
Members of this family possess a long N-terminal region with a series of Arm repeats, a single central DEATH domain and two consecutive C-terminal TIR domains (Fig. 5 ) which appear to be duplicated and highly similar to those found in ecTIR-DC family 9 and to the third domain of ecTIR-DC family 5 proteins (Fig. 6) . Owing to the relevant size of these proteins (>1000 aa) and their poor expression levels in adult individuals, the full length sequence of only three ecTIR-DC 6 proteins could be retrieved in bivalve molluscs, along with many fragments (Supplementary File 1) . However, these TIR-DC proteins show a remarkable evolutionary conservation, from Lophotrochozoa (rotifers, segmented worms and gastropods) to basal deuterostomes (echinoderms, acorn worms and amphioxus) (Fig. 2) .
Although their function is unknown, their presence in rotifers and their expression during embryonic development (see section 3.21) suggest that they are not involved in TLR/IL-1R signalling, like in the case of ecTIR-DC families 3 and 5.
ecTIR-DC family 7
These large proteins (700e1100 aa) display a variable number of N-terminal tetratricopeptide repeats (TPR) followed a C-terminal TIR domain (Fig. 5) . EcTIR-DC 7 proteins were mostly detected in Pteriomorphia bivalves (with 2 distinct genes in C. gigas), brachiopods, early-branching deuterostomes and, with a very limited sequence homology, also in gastropod and cephalopod molluscs (Fig. 2) . As TPRs are often used to build large scaffolds which facilitate the assembly of multiprotein complexes (D'Andrea and Regan, 2003) , ecTIR-DC 7 members could be involved in the assembly of intracellular complexes to mediate signal transduction. The TIR domain of ecTIR-DC 7 proteins seems to be somewhat related to that of membrane-bound receptors with EGF ectodomains (Fig. 6) .
ecTIR-DC family 8
EcTIR-DC 8 proteins possess two consecutive TIR domains, highly similar to each other (Fig. 6) , and a third one which is degenerated and barely recognizable (Fig. 5) . The structural modelling analysis performed with HHpred (S€ oding et al., 2005) permitted to identify a well-conserved Macro/A1pp domain in the N-terminal region, which might serve as an ADP-ribose binding domain (Neuvonen and Ahola, 2009 ). Although just a few fulllength sequences could be recognized in bivalves, this TIR-DC family appears to be very ancient and conserved across several distantly related phyla, from placozoans, to anthozoans, to the large majority of lophotrochozoans, and it is retained also in hemichordates and echinoderms (Fig. 2) . Interestingly, the single-copy TIR-DC 8 gene of C. gigas was consistently expressed at high levels since the very early stages of larval development (section 3.21).
Complex TIR-DC proteins: ecTIR-DC family 9 and 14
Most of the intracellular TIR-DCs described so far are relatively small proteins (<1000 aa). However, a few exceptions exist, as we could identify at least two evolutionarily conserved families of large TIR-DC proteins, namely ecTIR-DC 9 and ecTIR-DC 14.
The former is characterized by a N-terminal Neuralized (PF07177) domain of unknown function, common in proteins involved in neuroblast differentiation, followed by a large central region corresponding to the tandem of ROC (IPR020859) and COR (IPR032171) domains, which characterize a family of complex heterogeneous GTPases with various regulatory functions (Deng et al., 2008) . In ecTIR-DC 9 proteins, encoded by a single-copy gene in C. gigas, the TIR domain is associated with a DEATH domain and localized at the protein C-terminus (Fig. 5) . This family has a relatively wide taxonomical distribution, as it could be identified in cnidarians (N. vectensis, despite the absence of the Neuralized domain), molluscs, brachiopods, echinoderms, hemichordates, and in some arthropods (Fig. 2) . The TIR domain of ecTIR-DC family 9 proteins appear to be evolutionarily connected to the third domain of ecTIR-DC family 5 proteins as well as to the two domains of ec-TIR-DC family 6 proteins (Fig. 6) .
The ecTIR-DC 14 family is an even more complex group, which comprises very large proteins longer than 3000 amino acids. The two C. gigas genes pertaining to this family encode proteins which diverge in the N-terminal region, which is quite disordered and contains different domains: in the first one (ecTIR-DC 14 type I) LRRs are associated to two SPRY domains, while in the second one (ecTIR-DC tye II) LRRs are associated to a C2 domain. Like ecTIR-DC 9, a ROC/COR tandem is also present, followed in this case by two consecutive and degenerated TIR domains. Although the N-terminal region is divergent in other metazoans, the LRR/ROC/COR/2xTIR module appears to be evolutionarily ancient, as it was detected in T. adherens, in most lophotrochozoans and in amphioxus, and similar sequences were also found in the flagellate unicellular eukaryotes Thecamonas trahens and Guillardia theta.
While the function of these TIR-DC proteins is unknown, they were all highly expressed in the early stages of development of oyster larvae and still produced, at lower levels, in most adult tissues (see section 3.21). Although ecTIR-DC sequences were found in many different bivalve species, due to the relevant length of the encoding mRNAs we could mostly detect sequence fragments in de novo assembled transcriptomes (Supplementary File 1) .
ecTIR-DC family 10
The members of this TIR-DC family are characterized by a Nterminal TIR domain followed by two BIR (Baculovirus Inhibitor of apoptosis protein Repeat) domains (Fig. 5) , that are commonly found in proteins related to apoptotic processes and innate immunity, such as NAIP-type NOD-like receptors. Members of this TIR-DC family were exclusively found in Bivalvia and, more in detail, just in a few distantly related species (Unionoida and Mytiloida, see Supplementary File 1), possibly reflecting a poor constitutive expression or a spotty taxonomic distribution, which is supported by their absence in the C. gigas genome. In addition, the TIR domain of ecTIR-DC 10 proteins resulted to be quite divergent across species (Fig. 6 ), possibly indicating a non-orthologous origin or relaxed evolutionary constraints.
ecTIR-DC family 11
These proteins possess an N-terminal TIR domain and a series of C-terminal HEAT repeats (Fig. 5) . These repeats, which are structurally related to Armadillo repeats (also found in SARM and in the ecTIR-DC 3 and 6 families), could function as protein scaffolding units due to the flexible nature of their tandemly-organized antiparallel alpha-helices (Neuwald and Hirano, 2000) .
EcTIR-DC 11 proteins are possibly the most ancient group of metazoan cytosolic TIR-DC proteins. They were indeed found in placozoans, sponges and even in the mesozoan I. linei (Fig. 2) . Despite their absence in some lineages (cnidarians, flatworms, ecdysozoans, urochordates and vertebrates), they could be consistently observed in almost all Lophotrocozoa and basal deuterostomes. They were also among the most frequently observed TIR-DC sequences in bivalve transcriptomes, irrespective of the two only genes found in C. gigas (Supplementary File 1) .
Considering their very early acquisition along metazoan evolution and their presence in organisms lacking membrane-bound TIR-DC proteins, ecTIR-DC 11 proteins are unlikely to be involved in TLR/IL-1R -related signalling.
ecTIR-DC family 12
This family comprises proteins with an N-terminal TIR domain followed by repeated TRAF-type zinc finger domains (Fig. 5) . This small gene family was only identified in a handful of bivalve mollusc species (Supplementary File 1) , including C. gigas, with a single-copy ecTIR-DC 12 gene. In addition, similar proteins are also encoded by the genome of the brachiopod L. anatina, but the TIR domain in this case appears to be quite divergent from that found in bivalve proteins. TRAF-type zinc finger domains are typically found in a family of vertebrate signal transducers associated to the TNFalpha and TLR signalling (Bradley and Pober, 2001) , including TRAF3 and TRAF6, two fundamental mediators of the activation of NF-kB also in bivalve molluscs (Toubiana et al., 2014) . ecTIR-DC 12 members are therefore very likely to play a role in TLR downstream signalling consistently with the "shortcuts between endpoints" hypothesis (Zhang et al., 2008) .
ecTIR-DC family 13
Proteins belonging to the ecTIR-DC 13 family contain two consecutive duplicated TIR domains (Figs. 5 and 6). Only two ecTIR-DC 13 genes were found in the Pacific oyster genome and members of this family could be identified only in a relatively low number of other bivalve species (Supplementary File 1). Due to the low level of homology with other vertebrate TIR-DC proteins and the absence of this domain architecture in other metazoans, the function of the ecTIR-DC family 13 is currently unknown, even though the particularly high expression from the oyster egg to blastula stages (see Section 3.21) is intriguing for what concerns a possible involvement in larval development.
ecTIR-DC family 15
The members of the ecTIR-DC family 15 have a domain architecture similar to that of ecTIR-DC family 13 but in this case the two TIR domains are phylogenetically distantly related (Fig. 6 ) and the proteins display longer N-terminal and C-terminal regions with no recognizable conserved domains (Fig. 5) . However, structural modelling revealed that the C-terminal region is very likely to comprise a Rossman fold, which would suggest dinucleotidebinding properties (Hanukoglu, 2015) . EcTIR-DC 15 genes are relatively widespread across metazoans, as they were identified in sponges, placozoans, most lophotrochozoans, some ecdysozoans (priapulids, tardigrades, arachnids and horseshoe crabs), hemichordates and echinoderms (Asterozoa, but not Echinozoa) (Fig. 2) . The single copy gene identified in the Pacific oyster displayed a nearly ubiquitous expression in all tissues and developmental stages (Fig. 7) .
Preliminary assessment of TIR-DC gene expression in Crassostrea gigas
We evaluated the expression trends of the previously identified C. gigas TIR-DC genes across a broad range of adult tissues in unchallenged animals and developmental stages with an RNA-seq analysis using the data generated by Zhang et al. (2012) (Supplementary File 1) .
Like previously observed in mussel (Toubiana et al., 2013) , most oyster TLRs appeared to be broadly expressed in all adult oyster tissues. However, significant transcripts levels of a few TLRs were found in hemocytes, including a P-type TLR (subtype I) and some sP-type TLRs, altogether bringing the cumulative expression of TLRs to their highest level in these circulating cells (Fig. 7) . With the only exception of a P-type TLR pertaining to subtype 2, highly expressed from the early gastrula to the D-shaped larva stage, TLRs displayed generally low expression levels throughout the different stages of embryonic development. In particular sP-type TLRs, the most expanded and diversified TLR group in bivalves (Fig. 4) were mostly undetectable up to the juvenile stage, de facto ruling out their possible involvement in larval development, similar to that of Toll in Drosophila (Hashimoto et al., 1988) . Concerning the other membrane-bound TIR-DC proteins, those bearing EGF ectodomains, albeit being also expressed in adult tissues, reached their peak of expression at the D-shaped larvae stage. The only IL-1RL oyster gene was expressed at constant and relatively high levels in all developmental stages and adult tissues.
The most striking result of this preliminary assessment of gene expression was the unexpectedly high expression of many cytoplasmic TIR-DC genes during embryonic development, starting from the very early stages (two-cells stage) up to the blastula. This was mostly ascribable to the ecTIR-DC protein families 2, 3, 5, 6, 8, 9, 11, 13, 14 and 15 (Fig. 7) , but also to MyD88 and SARM sequences. Such a strong expression was not coupled with an increase in the expression of TLRs, suggesting functions independent from those of membrane-bound TIR-DC proteins. However, while members of the above mentioned protein families were mostly expressed during the early stages of embryonic development, they also retained a significant level of expression in most adult tissues (Fig. 7) , thus indicating a probable involvement in the functionality of adult cells in addition to development.
Conclusions
Our large scale analysis confirmed previous indications about the expansion of the TLR gene family in bivalve molluscs . At the present time there is no indication about whether the expansion and structural diversification among different TLRs subfamilies is paired by functional diversification, potentially resulting in a broader spectrum ligands. Although the main function of these rapidly evolving and highly diversified receptors has not yet been unequivocally associated to immune recognition in molluscs and in other invertebrates, a growing body of evidence suggests that at least some of them are directly involved in PAMP binding and related immune signalling (Lu et al., 2016; Pila et al., 2016; Toubiana et al., 2014; Zhang et al., 2015 Zhang et al., , 2013 . Moreover, additional studies are needed to clarify whether any of the bivalve TLRs are localized in the endosome membrane, which might indicate a role in the recognition of foreign nucleic acids (Gerdol and Venier, 2015) . The impressive expansion of certain TLR subfamilies (i.e. sP-type TLRs) certainly suggests that selective forces are acting to enhance the diversification of these receptors, in a similar fashion to other bivalve immune-related gene families (Gerdol et al., 2015b) .
Besides the massive expansion of TLRs, another fascinating aspect is represented by the presence of several previously uncharacterized cytoplasmic TIR-DC families which are conserved, to some extent, across several metazoan phyla. We have proposed a novel classification of such previously defined "orphan TIR" proteins, eventually describing 15 novel families of TIR-DC cytosolic proteins sharing common domain architecture and displaying, in some cases, a very ancient origin. The broad taxonomical distribution of some of these families further suggests that they might be part of important and well conserved signalling pathways common to most metazoan phyla, that were likely secondarily lost in the vertebrate lineage. While some of these protein families do not appear to be linked with TLR/IL-1R signalling, others could cover a role similar to that of vertebrate MAL, TRIF and TRAM, i.e. intracellular adaptors conveying the signal transmitted by membranebound receptors to cytosolic protein scaffolds involved in the activation of the proinflammatory signalling cascade. Equally important was the observation of the unexpected high expression of cytosolic TIR-DC transcripts throughout oyster embryonic development, which leaves many open questions about their possible involvement in the determination of embryonic polarity and in the development of adult organs. Given the nearly complete absence of functional data for most of these protein families, well designed experiments should be planned in the future to investigate in detail the expression patterns of TIR-DC genes in challenged animals.
Considering that most of the bivalve TIR-DC proteins reported in this study are derived from the virtual translation of assembled transcriptome data, mostly obtained from adult naïve specimens, the data presented in this work is far from being complete, but they aim to be a comparative basis of knowledge for future studies. We only took into consideration full-length proteins (according to TransDecoder predictions), disregarding those which were incomplete due to the fragmentation of the corresponding transcript, which is a common issue in the assembly of RNA-seq data. Overall, this procedure might have introduced a bias of detection towards relatively short proteins, since long transcripts can suffer from increased fragmentation due to a drop of sequencing coverage towards the 3' region. However, we implemented a protocol to identify such cases, which contributed to obtain a more comprehensive overview in bivalve molluscs (Supplementary File 1) . While a complete census of all the TIR-DC genes present in all animal species in not feasible at the moment, due to the limited genomic resources available, we believe that our conservative investigation strategy, applied to the transcriptome of over 80 bivalve species and to many reference metazoan genomes, was optimal to highlight evolutionary conserved TIR-DC proteins and we offer the present work as a contribution in the study of the evolution and classification of TIR domain-containing proteins in metazoans for future studies.
